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The solution structure of HIV-1 Nef reveals
an unexpected fold and permits
delineation of the binding surface for the
SH3 domain of Hck tyrosine protein kinase

Stephan Grzesiek!, Ad Bax!, G. Marius Clore!, Angela M. Gronenborn?, Jin-Shan Hu',
Joshua Kaufman?, Ira Palmer?, Stephen J. Stahl? and Paul T. Wingfield?

The solution structure of HIV-1 Nef has been solved by multidimensional heteronuclear NMR
spectroscopy. The construct employed to circumvent problems associated with aggregation
was a double-deletion mutant (A2-39, A159-173) in which conformationally disordered regions
of the protein at the N terminus and in a long solvent-exposed flexible loop were removed,
without affecting the properties or structural integrity of the remainder of the protein. Despite
the absence of any sequence similarity, the overall fold of Nef is reminiscent of that of the family
of winged helix-turn-helix DNA binding proteins. The binding surface of Nef for the SH3 domain
of Hck tyrosine protein kinase has been mapped and reveals a non-contiguous (in terms of
amino-acid sequence) interaction surface. This unique feature may suggest possible avenues
for drug design aimed at inhibiting the interaction between Nef and SH3 domains.

Nef is a 27, 000 M, regulatory factor that is unique to
the primate lentiviruses and plays a key role in human
immunodeficiency virus (HIV) infection and patho-
genicity’2. Indeed, a recent study of the HIV-1
sequences of a cohort of long-term (greater than 10
years) survivors with no signs of clinical progression to
acquired immunodeficiency syndrome (AIDS) and
with normal CD4 counts, revealed the consistent pres-
ence of deletions within the nef gene®%, confirming
previous studies on macaques that simian immunode-
ficiency virus (SIV) with the nef gene deleted replicates
poorly, does not cause disease, and provides protection
against infection by pathogenic SIV23. Thus, Nef rep-
resents a possible target for structure-based rational
anti-HIV drug design. To this end we have solved the
three-dimensional solution structure of HIV-1 Nef and
mapped the interaction surface for the binding of SH3
domains by multidimensional NMR spectroscopy.

Nef is expressed at particularly high levels early after
HIV-1 infection, when its mRNA accounts for more
than three-quarters of the total viral mRNAS. While
the precise role of Nef at the molecular level has not
been fully established, structure-function studies indi-
cate that Nef has at least two separable activities:
down-regulation of the CD4 receptor and enhance-
ment of viral replication’. Endocytosis of CD4 involves
the interaction of Nef with a dileucine motif in the
cytoplasmic tail of CD4, which competes with the
binding of lymphocyte-specific protein tyrosine kinase
p56lck? to CD4, thereby possibly interfering with sig-
nalling through the interleukin-2 receptor?. This activi-
ty of Nef is dependent on the presence of an
N-terminal membrane targeting sequence (residues
2-7) and a conserved glutamic acid-rich region
(residues 60-71)7. Enhancement of infectivity, on the

other hand, is dependent on the presence of an intact
Pro-X-X-Pro repeat from residues 69-78, reminiscent
of an SH3 target site’. The absence of this polyproline
repeat, however, has no effect on down-regulation of
CD4’. In this regard, it has recently been shown that
intact Nef binds specifically and with submicromolar
affinity to the SH3 domain of a subset of Src family
kinases, in particular Hck and to a lesser extent
Lyn!®, This interaction may be related to the promo-
tion of viral replication by Nef!0.12,

Structure determination

The structure of Nef was solved by three- and four-
dimensional double and triple resonance NMR spec-
troscopy making use of uniformly 1°N, I’N/13C and
15N/2H-labelled protein!>!4, In addition to the com-
monly used array of experiments, we found that a 4D
I5N/15N-separated nuclear Overhauser enhancement
spectrum recorded on a !5N/?H-labelled sample in
H,O was particularly useful'>, both for sequential
assignment and delineation of secondary structure ele-
ments. Since all protein variants employed were only
sufficiently soluble at pH values greater than 8, it was
essential to use methodology that preserved bulk sol-
vent magnetizationl!®, in order to obviate the effect of
rapid exchange of the backbone amide protons with
solvent. Full length Nef tends to aggregate'” and we did
not find conditions under which it was monomeric
above ~0.1 mM. Preliminary data indicated that the
first 50 residues did not adopt an ordered conforma-
tion, Deletion of residues 2-39 (Nef22-39) yielded a
protein  with  considerably  better  properties
(monomeric up to about 0.6 mM), albeit at pH values
(=8, without affecting the chemical shifts of the
remaining resonances and therefore without perturb-

nature structural biology volume 3 number 4 april 1996



@ © 1996 Nature Publishing Group http://www.nature.com/nsmb

articles

ing the structure. However, the apparent rotational
correlation time T, derived from !°N relaxation mea-
surements, was too long to permit a full three-dimen-
sional structure determination. The initial studies on
Nef22-39 revealed the presence of a long, flexible and
partially solvent-exposed loop comprising residues
148-180. Further deletion of residues 159-173 resulted
in the NefA2-39.A159-173 construct which displayed iden-
tical resonance positions to NefA2-3? for the remaining
residues (that is, the structure is unaltered), had the
same affinity for the SH3 domain of Hck as the full
length Nef, and exhibited a T, of ~12 ns at 35 °C.
Although the decrease in T, was modest, since it is
manifested in all dimensions of the NMR spectra, it
was sufficient to permit nearly complete 'H, 13C and
15N assignments to be obtained. Nevertheless, the
observed value of 7. remains nearly 50% larger than
one might expect for a globular approximately spheri-
cal protein of this molecular weight (~18,000 M,).
Analytical ultracentrifugation indicates that this is
not due to dimerization but rather to non-specific
aggregation.

The three-dimensional structure of NefA2-3%159-173
was obtained by simulated annealing'® on the basis of
1183 experimental NMR restraints comprising NOE-
derived interproton distance, torsion angle, 3/, cou-
pling constant and secondary carbon chemical shift
restraints. Although the number of NOE derived inter-
proton distance restraints employed was relatively
small (640), it is important to note that these included
only 24 intraresidue NOE restraints. The total number
of NOE restraints could have been increased by a fac-
tor of 1.5-2 by including many more easily assignable
intraresidue interproton distance restraints. However,
the structural information contained within the
approximate intraresidue interproton  distance
restraints is only useful at high resolution when the
average number of NOE restraints per residue exceeds
~15. In this particular case, inclusion of additional
intraresidue NOE restraints would have been of little
consequence to the precision, accuracy or quality of
the structures. A superposition of the final 40 simulat-
ed annealing structures is shown in Fig. 1 and a sum-
mary of the structural statistics is provided in Table 1.

Fig. 1 Superposition of the backbone (N, Ca, C) atoms (residues 56-201) of the final 40 simulated
annealing structures of NefA2-39.4155-173 The helices are displayed in red, the B-strands in green, the
polyproline helix and the short helical turn in magenta, and the rest in blue.
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The precision of the coordinates is 0.90+0.07 A for the
backbone atoms, 1.44+0.25 A for all atoms and
1.10£0.20 A for all atoms of internal side chains
(excluding the poorly defined regions of the protein
which comprise the N-terminal methionine and
residues 40—67 at the N terminus, residues 200-206 at
the C terminus, and residues 148-180 which form the
long loop connecting strands B4 and B5). All ¢,y back-
bone torsion angles within the ordered parts of the
protein lie within the allowed region of the Ramachan-
dran plot.

Description of the structure of Nef

Backbone ribbon drawings and the packing of internal
side chains of NefA2-39:A159-173 gre shown in Figs 2a-c.
The structure comprises a polyproline helix (residues
69-78), three helices (residues 81-94, 105-118 and
194-198), and a five-stranded antiparallel [-sheet
(residues 100-102, 126-128, 134-137, 142-146 and
181-186) arranged in a +4x, -1, -1, -1 topology.
Strand PB1 is located between helices 1 and 2. Strands
B2 and B3, B3 and B4, and B4 and B5 are connected by
a five-residue loop, a four-residue turn and a confor-
mationally disordered 19-residue loop (34 residues in
Nef82-39), respectively. The polyproline helix lies on
top of helix 2 and is stabilized by a number of
hydrophobic interactions comprising Val 66, Phe 68,
Val 70 and Thr 71 at the start of the polyproline helix
and Ile 109, Leu 112, Trp 113 and Thr 117 of helix 2.
o-helices 1 and 2 are oriented at an angle of ~105°
and helix—helix contacts are formed by Ala 83, Ala 84,
Leu 87, Leu 91, Leu 110 and Ile 114. Helices 1 and 2
lie on top of the B-sheet and the hydrophobic core of
the protein is formed by Met 79, Ala 83, Leu 87, Leu
91, Leu 97, Leu 110, Ile 114, Tyr 120, Trp 124, Tyr
127, Pro 136, Thr 138, Trp 141, Tyr 143, Leu 145, Leu
181 and Trp 183. The third helix is packed against the
back side of strands B2 and B3 in the view shown in
Fig. 2b with hydrophobic interactions involving Pro
129, Ile 133, Tyr 135, Pro 136, Leu 137, Leu 189, Ala
195, Leu 198 and Pro 200. The N terminus (residues
40-68) preceding the polyproline helix forms a long
disordered loop which appears to fold back on the
loop connecting helix 1 and strand B1 as shown by sev-
eral unambiguous NOEs between
Trp 57 and Leu 97.

We also examined two other Nef
deletion variants (data not shown):
the NefA252 deletion displayed
identical resonance positions and
similar linewidths as NefA2-3,
whereas the NefA25 deletion
mutant exhibited very broad lines
(with a 1, of ~20 ns). Thus, in the
absence of Trp 57, a hydrophobic
patch is formed on the surface of
the protein which presumably pro-
motes self-association. Interesting-
ly, HIV-1 protease cleaves Nef at the
Trp 57-Leu 58 peptide bond!®.

Comparison of Nef sequences
from various sources suggests
which residues are likely to be
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Table 1 Structural statistics?

Structural statistics <SA>
R.m.s deviations from experimental distance restraints (A)2
All (702) 0.096+0.006
interresidue sequential (li - jl = 1) (305) 0.079+0.009
interresidue short range (1 < li - jl <5) (95) 0.099+0.016
interresidue long range {li —jl) > 5) (216) 0.095+0.011
intraresidue (24) 0.124x0.031
H-bonds (62) 0.144+0.016
R.m.s. deviations from 3/, coupling constants (Hz) (91)2 0.73+0.06
R.m.s. deviations from exptl dihedral restraints (°) (161)23 0.6120.17
R.m.s. deviations from exptl secondary shifts (p.p.m.)
13Co (119) 1.28+0.06
BCB(110) 1.27+0.10
Deviations from idealized covalent geometry
bonds (&) (2270) 0.005+0.0003
angles (°) (4101) 0.56x0.03
impropers (°) (1260)4 0.46+0.03
E_; (kcalemol ') -517+16
Coordinate precision (A)6
backbone atoms 0.90£0.07
all atoms 1.44+0.25
all atoms of internal residues 1.10+0.20

1The notation of the NMR structures is as follows: <SA> is the ensemble of the final
40 simulated annealing (SA) structures; SA is the mean structure obtained by aver-
aging the coordinates of the individual SA structures best fitted to each other using
residues 58-147 and 181-199. The number of terms for the various restraints is
given in parentheses.

2None of the structures exhibit distance violations greater than 0.7 A, dihedral
angle violations greater than 5°, or 3/, coupling constant violations greater than
2 Hz;. For each backbone hydrogen bond there are two distance restraints: ry, o,
1.7-2.5 A; ry.o, 2.3-3.5 A,

3The dihedral angle restraints comprise 12806, 10y, 9yt and 14 aromatic x2 angles.
4The improper torsion restraints serve to maintain planarity and chirality.

SE,_, is the Lennard-Jones van der Waals energy calculated with the CHARMM
empirical energy function34 and is not included in the target function for simuiated
annealing or restrained minimization.

6The coordinate precision is defined as the average atomic rm.s. difference
between the individual simulated annealing structures and the mean coordinates
SA. Values are reported for residues 68-147 and 181-199. The N-terminal methion-
ine and residues 40-67 at the N terminus, residues 200-206 at the C terminus, and
residues 148-180, which form the long solvent exposed loop connecting strands 34
and 5, are disordered.

structurally and functionally important. Sequences of
Nef from different HIV-1 isolates as well as different
primate lentiviruses reveal the presence of five con-
served regions comprising residues 64-90 (block A),
91-96 (polypurine tract), 106-114 (block B),
130-148 (block C) and 179-190 (block D)1-2°, Each
of these conserved blocks comprises elements of sec-
ondary structure. Thus, the polyproline helix and
helix 1 are located in block A and the polypurine
tract, helix 2 in block B, strands 33 and 4 in block C,
and strand B5 in block D.

Comparison with proteins with related folds

The overall fold of NefA2-39:A159-173 j5 reminiscent of
that of the family of winged helix-turn-helix (HTH)
DNA-binding proteins, which includes the catabolite
gene activator protein of Escherichia coli, HNF3/fork-
head, the ETS family of transcription factors, the heat
shock transcription factor and the globular domain of
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histone H5 (GH5). There is, however, an important
difference: the DNA recognition helix of the HTH
motif is absent in NefA2-39,A159-173 where it is replaced
by an extended segment of polypeptide chain (residues
119-121) and a four-residue helical turn (residues
122-125) that connect helix 2 to strand 2. The closest
structural similarity is with GH52! (Fig. 2d), where it is
possible to superimpose 40 Co atoms of
NefA2-39.A159-173 3 nd GH5 within an atomic r.m.s. dif-
ference of ~2 A (specifically, residues 83-90, 107-120,
121-126, 142-147 and 181-186 of NefA2-39,159-173
onto residues 27-34, 47-60, 64-69, 80-85 and 91-96
of GH5). This structural alignment comprises helices 1
and 2, the short helical turn leading into strand B2,
and strands 4 and 35 of Nef82-3%.4159-173 ' an( helices
1 and 2, the first four residues of helix 3 (the recogni-
tion helix of the HTH motif), and strands B2 and B3 of
GH5. GH5 has a three-stranded antiparallel -sheet
with a +2x, —1 topology and the three strands corre-
spond to strands B1, B4 and B5 of NefAZ-39.4159-173
(that is, strands 32 and B3 of Nef are missing in GH5).
Despite the above described structural similarity, the
percentage sequence identity is only 7.5%. Neverthe-
less, the pattern of hydrophobic and hydrophilic
residues, perhaps not surprisingly, tends to be con-
served. The significance of this structural similarity
cannot as yet be ascertained. It is possible that Nef
evolved from a DNA-binding transcription factor of
the winged HTH variety which subsequently lost the
recognition helix of the HTH motif as a result of a
deletion leading to a shortening of the polypeptide
chain between helix 2 and strand 2.

Mapping the interaction surface for Hck SH3

The recent reports of the formation of a specific high-
affinity complex (Kp=0.3 puM) between the SH3
domain of Hck and Nef!! led us to study this interac-
tion by NMR. While the biological consequences of the
interaction with Nef and the SH3 domain of Hck have
not been elucidated, two observations lead one to
believe that this interaction is biologically significant.
First, the polyproline binding site (residues 69-78) for
the SH3 domain of Hck!! has been shown to be criti-
cally related to the enhancement of infectivity’. Sec-
ond, the affinity of Nef for the SH3 domain of Hck is
approximately two orders of magnitude higher than
that for other SH3—target interactions'!, strongly sug-
gesting that this interaction is not an accident of
nature.

At substoichiometric concentration of Hck-SH3,
two sets of resonances for Nef are observed, one corre-
sponding to unligated NefA2-3, the other to the
Nef2-39-Hck-SH3 complex. This indicates that the
complex is long-lived on the NMR time scale (with a
lifetime greater than 50 ms, and a Kp<<1 UM, assum-
ing a diffusion-limited on-rate of 108 M-1s-!). Further,
since the affinity of NefA2-3 for Hck SH3 is similar to
that of full length Nef!!, any involvement in binding of
the unstructured N-terminal domain (residues 2-39)
is unlikely. The same slow chemical exchange behav-
iour (Kp<<l uM) is observed for the complex of
Nef82-39.4159-173 and Hck-SH3. In addition, the pat-
tern of chemical shift changes induced on binding of
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Fig. 2 a and b, Two views showing a
backbone  ribbon  diagram  of
Nefa2-39,84159-173  (residues 56-206).
¢, Packing of the hydrophobic core of
Nefa2-39,159-173 ¢ Backbone ribbon
diagram of GH52' in the same orien-
tation as (b) showing the similar fold
to Nefa2-39,159-173 The colour coding
in (a), (b) and (d) is as follows: helices,
red; B-strands, green; polyproline helix
and helical turn preceding strand B2,
yellow; ordered loops, grey; and disor-
dered regions, blue. In (c) the back-
bone for residues 68-147 and
181-199 is shown as a green worm
and the internal side chains are shown
in red. (a), (b) and (d) were generated
with the program RIBBONS3Z? and (c)
with the program GRASP33.

7

the SH3 domain is identical for the two constructs
(unpublished data). In summary, this indicates that
full length Nef, Nef32-3% and Nef32-39.A159-173 bind the
SH3 domain of Hck in the same manner.

The residues whose NH, >N, 13Co and 13CP reso-
nances are most affected upon binding are colour coded

in Fig. 3a on a tubular representation of the backbone of
Nef22-39A159-173 The largest backbone chemical shift
changes are observed for Gln 73 and Val 74, followed by
His 116, Arg 77, Phe 121, Asp 86 and Val 70. This delin-
eates a concave interaction surface on NefA2-3%4159-173
bounded by the polyproline helix and helix 1. The floor

Fig. 3 Model for the interaction of Nef42-39.4159-173 with the SH3 domain of Hck. a, A backbone worm of
NefA2-39.4159-173 (residues 56-206) is displayed colour coded to show those residues whose backbone NH, 5N, 13Ca and
13CP resonances are most affected on binding the SH3 domain of Hck. The mean shift difference A,,, for each amino
acid was calculated as 0.25[(Ayp)? + (Ay/5) + (Aco/2)? + (Acp/2)]1"2 where A, is the chemical shift difference for reso-
nance i in the free and complexed states. The colours range from red (A,,.=1.0), through vellow (A, ,=0.4), to blue
(A4,6(0.1). Two residues of Nef, Pro 77 and Ala 83, could not be assigned in the complex and are colour-coded in orange.
b, A model of the complex obtained by docking the SEM-5-peptide complex22 onto Nefad2-39.4159-173 py hest fitting
residues 1-7 of the peptide with residues 71-77 of Neft2-39.4155-173 (see text). The colour coding is as follows:
Nefd2-39.4155-173 hjye; the SH3 domain of SEM-5, red; and the nine-residue peptide (PPPVPPRRR) from mSos, yellow.
This figure was generated with the program GRASP33.
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of this concave surface is formed by the C-terminal end
of helix 2 and the short segment of extended polypeptide
following helix 2. These data also imply a critical role for
the Pro,,~GIn-Val-Pro; stretch of the polyproline seg-
ment (residues 69-78), in complete agreement with both
mutagenesis data—which indicate that substitution of
either Pro 72 or Pro 75 of Nef by Ala abolishes its bind-
ing to Hck-SH3—and comparative binding data on Nef
from SIV which still binds Hck-SH3 with high affinity
despite the fact that the two outer prolines at positions
69 and 78 are substituted by Ser and Thr respectively!®.
The presence of Val 74 and Arg 77 (which are conserved
in all Nef sequences from HIV and SIV!) at the Pjand P,
binding positions indicates that the polyproline helix of
Nef binds to Hck-SH3 in the minus orientation?!-23,
With this information in hand, we modelled the com-
plex of NefA2-39,A159-173 with Hck-SH3 by the best fitting
of residues Thr,—Pro-Gln-Val-Pro-Leu-Arg,;, of
NefA2-39.A159-173 onto residues 1-7 (PPPVPPR) and
residues 2-8 (PPALPPK) of the polyproline peptides
(comprising the P; to P_; binding positions) complexed
with the SH3 domains of SEM5%2? and ¢-Crk?4, respec-
tively. In both cases a fit of ~1.5 A was obtained and the
resulting orientation of the SH3 domain relative to Nef is
the same. The model for a Nef-SH3 complex obtained in
this manner is displayed in Fig. 3b. It can be seen that the
RT loop (the RT loop connects strands 1 and 2 of the
SH3 domain and is named in this manner because it
contains critical Arg and Thr residues in the tyrosine
kinase Src) of the SH3 domain is directed towards helix
1, as well as the floor of the binding pocket. This would
account for the observation that short polyproline pep-
tides derived from NefA2-3%:4159-173 only bind weakly to
Hck-SH319, indicating that other contacts between Nef
and Hck-SH3 are required for high affinity binding. The
model is also consistent with the finding that Ile 69 of the
RT loop of the SH3 domain of murine Hck is a critical
determinant of high affinity binding and that its substi-
tution by a polar residue (Asp or Arg) reduces the affini-
ty by at least two orders of magnitude!?. In our model,
the side chain of Ile 69 of the RT loop is directed towards
Tle 114 of Nef located in the floor of the binding pocket.
Introduction of a charged side chain at position 69 of the
RT loop of the SH3 domain would therefore bury a
charge, resulting in an energetically unfavourable situa-
tion.

In conclusion, we have solved the solution structure
of HIV-1 Nef, and shown that it has a topology very
similar to that of the winged helix-turn-helix tran-
scription factors. The availability of this structure will
permit the rational pursuit of structure-function stud-
ies on Nef. While the present structure of Nef has not
been determined to very high precision it still provides
an important guide and source of ideas for drug
design. Specifically, the competitive inhibition of SH3

binding seems a promising target. The mapping of the
interaction surface presented in this paper is crucial for
such an endeavour as it reveals a novel mode of SH3
binding that has not been previously observed, namely
that the binding surface on Nef is not comprised of
contiguous amino acids. This unique feature relative to
other known SH3-target interactions immediately
suggests avenues for drug design.

Methods

Sample preparation. Various derivatives of HIV-1 Nef
(strain BH10) containing a Cys 206—Ala mutation and an
N-terminal methionine as residue 1 were produced in E.
coli using the T7 expression system25. The DNA encoding
the protein was generated as an Ndel-BamHI fragment
using the polymerase chain reaction as described in ref. 26
and cloned into the expression vector pET11a2%. The vari-
ants expressed were as follows: full length Nef, deletions
of residues 2-39 (Nef22-39), 252 (Neft2-52) and 2-59
(Nefa2-59), and a deletion of residues 2-39 and a part of a
long solvent exposed loop comprising residues 159-173
(Nefd2-39.4159-173) (The sequence numbering used for Nef
is the same as that given in ref. 1.). The SH3 domain of
murine Hck tyrosine-protein kinase (residues 60-116 plus
an N-terminal methionine) was generated from a c¢cDNA
clone?” and cloned into pET11a25. Protein expression from
the pET constructs in E. coli strain DE3 was induced with
2 mM IPTG for 3.5 h. Labelling with 5N, 13C and/or 2H was
carried out by growing the bacteria on minimal medium
using 15NH,Cl, 13C;4-glucose and 2H,0 as the sole nitrogen,
carbon and deuterium sources, respectively. Cells were
lysed using a French press and proteins purified from the
soluble extract by anion exchange chromotography fol-
lowed by gel filtration.

NMR spectroscopy and structure determination.
Samples for NMR contained approximately 0.6 mM pro-
tein, pH 8. All NMR spectra were recorded on a Bruker
AMX600 spectrometer equipped with an 8 mm self-
shielded z gradient triple resonance probe (Nalorac).
Approximate interproton distance restraints were derived
from 3D heteronuclear separated NOE spectra (mixing
time 70 ms) on protonated samples and from a 4D
15N/15N-separated NOE spectrum {mixing time 200 ms) on
a perdeuterated sample, and torsion angle restraints
from analysis of the NOE and coupling constant data’3.
Coupling constants were obtained by means of quantita-
tive J-correlation spectroscopy?8. Structures were calculat-
ed by hybrid distance geometry-simulated annealing'8
using the program X-PLOR2® modified to incorporate
restraints for 3/, coupling constants®® and '3Co and
13CB chemical shifts3!. The target function minimized
comprises harmonic potentials for covalent geometry
(bonds, angles and improper torsions), coupling constants
and carbon chemical shifts; quadratic square-well poten-
tials for interproton distance and dihedral angle
restraints; and a quartic van der Waals repulsion term for
the non-bonded contacts.

The coordinates have been deposited in the Brookhaven
Protein Data Bank. The accession code is 1NEF.

Received 1 February; accepted 5 February 1996.
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